. In addition, portions of analogous sequences are known for phages R17, f2, and Q,B (20, 21, 32). However, the small RNA viruses represent a special case, and it would be of interest to determine whether the same general nucleotide arrangements exist between the cistrons of cellular organisms.
Messenger ribonucleic acid (mRNA) molecules may contain a number of cistrons, each coding for the synthesis of a different polypeptide, with little known about the region(s) between cistrons on such mRNA molecules. Among the RNA viruses, the structures of two intercistronic regions are known (at either end of the coat protein cistron) in bacteriophage MS2 (7, 18) . In addition, portions of analogous sequences are known for phages R17, f2, and Q,B (20, 21, 32) . However, the small RNA viruses represent a special case, and it would be of interest to determine whether the same general nucleotide arrangements exist between the cistrons of cellular organisms.
One approach to the study of this problem has been the construction of a bacterial strain which produces an abnormal protein consisting of two normally separate enzymes fused together (26, 37) . Such a fused protein has been produced by a strain of Salmonella typhimurium following two mutational steps (13, 25) . The first mutation adds the sequence -leu-alaleu-lys to the carboxyl end of histidinol dehydrogenase (11) , and the second mutation yields a fused protein formed from histidinol dehydrogenase and imidazolylacetolphosphate: L-glutamate aminotransferase (13) . A second approach is to isolate one species of polycistronic mRNA in pure form and then determine its structure and the amino acid sequences of the cognate proteins, as was done for RNA viruses. The most advanced study of this type promises to provide the nucleotide sequence for the tryptophan mRNA (4); in particular, the intercistronic region between trpE and trpD of Escherichia coli should follow as the work is extended.
A third approach, that proposed in this communication, is to employ nonsense suppressor genes to cause translation to proceed through one or more chain-terminating triplets and, thus, translate all or part of an intercistronic region. The accompanying paper (33) demonstrates that the presence of abnormal proteins (suppressor proteins or suppressor isoenzymes,) is dependent upon the presence of particular suppressor genes. These suppressors appear to be of the nonsense type, but have not been rigorously defined as such by their ability to eliminate premature chain termination of the product of a nonsense mutation. Indeed, the state of the art is such that the nonsense mutations suppressed have not been rigorously identified as such. This paper presents evidence for the multiple nature and increased molecular weights of the suppressor isoenzgtnes. The strategy which we initially employed to detect nonselected enzyme activities of altered electrophoretic mobility in the presence of known nonsense suppressor alleles was first applied to (33) . Okubo and Yanagida (24) originally described HA101 and HAlOlB; the latter strain contains the presumed nonsense sup-i. Strain Mu8u5u5 sup-3 was derived from Mu8u5u5 by Georgopoulos (8) . The latter strain is auxotrophic for leucine, methionine, and threonine; the metB5 and thr-5 loci are suppressible by sup-3. These suppressible loci and suppressors have been recombined in the different strains employed in this study ( Table 1) .
Preparation of cell extracts. Bacteria were harvested after aerated growth in the minimal medium of Spizizen (31) (14) .
Electrophoresis and enzyme activity stains. Vertical starch gel electrophoresis experiments followed the technique described by Shaw and Koen (29) , and most stain solutions were made from the recipes given previously (1, 2, 28, 30 Ammonium sulfate precipitates were dialyzed against Tris-citrate buffer containing 0.1% fl-mercaptoethanol at 0 to 5 C prior to electrophoresis. When very small amounts of precipitate were to be dialyzed, they were delivered into a small center well formed in 15% polyacrylamide gel, and the salts were allowed to diffuse for 40 h at 0 C. These diffusion gels were made in test tubes (8 by 75 mm with 2.5-mm center wells) and were washed extensively in distilled water before use.
Partial purification of the new isoenzyme forms of triosephosphate isomerase. For step 1, frozen cells of a suppressor-containing strain were thawed, 
RESULTS
Electrophoretic mobilities of enzymes produced in the presence of the suppressor alleles. Cell extracts of strains HA101 and HAlOiB underwent electrophoresis in vertical starch gels and were stained for the location of the 14 enzymes described above. The primary zones of enzymatic activities were identical in all cases. Minor zones of L-leucine dehydrogenase and triosephosphate isomerase, migrating more slowly than the parental enzymes, appeared in the suppressor-containing strain and were absent in spontaneous revertants lacking the nonsense-suppressing allele. The suppressor-type isoenzyme of L-leucine dehydrogenase is shown in Fig. 1 , and it.can be seen that gene transfer of the sup-i allele to strain 129 is accompanied by the appearance of the same new isoenzyme in strains 135 and 136 as was present in HA101B. We confirmed that the original and new zones of activity were specific for L-leucine dehydrogenase as follows. A gel was sliced, and one slice was stained for the latter enzyme and another was stained for L-alanine dehydrogenase. Confirming previous observations (10, 38) , the L-alanine dehydrogenase activity electrophoresed further than the main band of L-leucine dehydrogenase, and such activity was absent from the areas of staining for the new isoenzymes. In addition, the extracts were free of glutamate dehydrogenase activity, and no glutamate dehydrogenase bands were found on the gels.
The migrations of the TPI activities in several sets of strains isogenic for the two ostensible nonsense suppressing genes are shown in Fig. 2  and 3 . As with L-leucine dehydrogenase, the presence of either suppressor is associated with the presence of additional TPI bands (S bands) of lessened electrophoretic mobility, and these appear to be multiple in nature, as will be more clearly demonstrated below. These isoenzyme bands were essentially the same with either enzymatic TPI stain system employed. Both figures also indicate some differences in the apparent relative intensity of staining of the S bands according to whether sup-i or sup-3 was present, and strain 183 containing both suppressors appeared to produce particularly strong bands of the S type. In addition to the new S bands of TPI activity, Fig. 2 and 3 Relative amounts of suppressor-type TPI produced by the different suppressors. Dye deposition in starch gels is notoriously difficult to quantify. To provide a rough quantification of the proportions of the TPI activity in the suppressor-type S bands, extracts of strain 173 were serially diluted and subjected to electrophoresis along with the undiluted extract in parallel channels in the same gel. After being stained for TPI, the gels were photographed on positive projection film, and the intensities of (Fig. 3) . Despite the uncertainties involved in the methods for determining the relative amounts of each activity, it is clear that strains bearing sup-i produced larger amounts of the new products than those carrying sup-3. 
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We cannot eliminate the possibility that the two genes give independent and additive yields when both coexist. Resolution of TPI isoenzymes by gel permeation chromatography. Cell extracts of the strains 129 and 173 (isogenic save for suppressor) were chromatographed through Sephadex G-200, and fractions of the eluates past the void volumes were assayed for TPI and MDH activity. In the case of the nonsuppressed strain 129, almost symmetrical curves were obtained from the elution profiles of both enzymes. The peak of MDH activity eluted well in advance of the TPI peak as expected since B. subtilis MDH has a reported molecular weight of 117,000 (19, 36 subtilis. When an extract from strain 173 was similarly chromatographed on Sephadex G-200, the MDH curve was again nearly symmetrical. However, the TPI curve had a shoulder, indicating the presence of a small amount of material able to catalyze the TPI reaction but with a greatly increased molecular weight. Rechromatography of the leading portions of both TPI curves was performed after dialysis and concentration by ultrafiltration. The control preparation (Fig. 4) again yielded a nearly symmetrical distribution, but the dissymmetry of the TPI curve in Fig. 5A of the extract from the strain bearing sup-3 was quite pronounced, suggesting that there are a number of highmolecular-weight substances with the enzymatic activity of TPI. Fractions of the eluted material were pooled, dialyzed, concentrated by ultrafiltration, and examined by zone electrophoresis. The digrammatic representation (Fig.  5B) shows that the S-type isoenzyme forms, which were initially observed in the total extract of the sup-3 strains, are found in the middle region of the molecular sieve fractionation together with some unresolved wild-type protein. The region corresponding to exceed- and determination of the curve of TPI activity, the fractions eluting between 233 and 278 ml, which contained the leading edge of the TPI curve, were pooled, dialyzed, and concentrated. Then 72%o of the product was used to charge another column, and the enzyme was eluted under the same conditions to produce the TPI curve shown. Fig. 4 , the fraction eluting between 247 and 297 ml was pooled, dialyzed, concentrated, and 50% of the product was charged on the Sephadex column and eluted as shown in Fig. 5A . Fractions labeled 1, 2, and 3 were separately dialyzed, concentrated, and electrophoresed in starch gel. The bands of TPI activities are indicated in the inset Fig.   5B .
ingly high-molecular-weight molecules contains two bands of activity with electrophoretic mobilities intermediate between the suppressor and wild types, plus a large amount of what appears to be the wild-type enzyme. In separate experiments, not shown here, these very highmolecular-weight forms of intermediate electrophoretic mobilities were not found to be accompanied by the wild-type TPI when ammonium sulfate fractions were chromatographed on Sephadex G-200 and then examined by electrophoresis. This type of material did not appear (did not produce visible bands of enzyme activity) at the migration position characteristic of it when crude cell extracts were examined, although the activities found in Fig. 5A indicate that there is an amount of enzyme activity in the two very high-molecular-weight forms almost equivalent to the sum of the three medium-molecular-weight suppressor-type isoenzyme forms (S bands). The mean position of the activity corresponding to these mediummolecular-weight suppressor-type isoenzymes in the gel permeation studies indicated a molecular weight of 120,000 to 135,000, eluting just after rabbit muscle lactate dehydrogenase. The very high-molecular-weight forms are too large to measure accurately by this method, and no estimate of their apparent molecular weights has been made.
Solubility properties of TPI and the isoenzyme forms. When extracts of cells not containing the suppressor genes were brought to 90% saturation with ammonium sulfate, the wildtype TPI activity was found mainly in the supernatant. Extracts of HAlOiB likewise yielded large amounts of TPI activity with the electrophoretic and gel chromatographic behavior of the wild-type enzyme in the supernatant fraction of the 90% ammonium sulfatesaturated solution. However, at 67% saturation with ammonium sulfate (0.45 g/ml), a significant amount of activity was precipitated. When ,4uIII.
the fraction precipitated between 55 and 67% saturation was examined by Sephadex chromatography, three well-resolved components of activity were found corresponding to the parental form, the S types, and the very high-molecular-weight forms described above. Chromatography of the fraction precipitating between 0 and 67% ammonium sulfate saturation likewise led to a significant separation of the suppressortype forms from the parental enzyme, but the resolution of the very high-molecular-weight species was not as well defined as in the narrower ammonium sulfate cut. A procedure designed to exploit these differences in solubilities is described above. A cell extract manner, and the final product was chromatographed on Sephadex G-200. The molecular heterogeneity present in the partially purified product when examined by electrophoresis and the relative enrichment of the different migrating forms of the enzyme found in the fractions eluted from the Sephadex gel is shown in Fig. 6 . At least four bands of TPI activity were observed other than wild-type TPI, and they are designated as bands Si, S2, S3, and S4. The electrophoretic species differed in abundance according to the fraction collected from the molecular sieve. The protein which produced band S-1 is clearly more retarded by the gel than the protein-producing band S-4, and, therefore, it is behaving as a smaller molecule. Similarly, bands S-2 and S-3 appeared to be proteins of intermediate size. Since the molecular weight of 120,000 to 135,000, reported above, was based on a peak containing all of these bands, it is actually an average value for a heterogeneous group of proteins. Partially purified extracts, enriched for the isoenzyme forms, contained from 1.9 to 3.2% of the original TPI activity with apparent specific activities of 0.29 to 0.34 IU/mg of protein. The true yields cannot be calculated at this stage of purification unless one makes the assumption that the activity of each form is identical to the activity of the wild-type protein. In a preliminary experiment, we were not successful in detecting any activity sedimenting ahead of the main band when a similarly enriched fraction was centrifuged in a sucrose gradient. DISCUSSION The presence of either one or both of two different suppressors (sup-1, sup-3) in B. subtilis is accompanied by a variety of pleiotropic effects, in addition to the ability to suppress the effects of presumed nonsense mutations in the bacterial chromosome or in bacteriophages infecting the cell (33) . One postulated consequence of the presence of a suppressor capable of translating the normal termination signals UAA or UAG in an mRNA molecule would be to allow an unspecified elongation of the synthesized polypeptide. The screen of electrophoretic mobilities of enzyme activities disclosed that the presence of either sup-i or sup-3, independent of other genetic backgrounds, is accompanied by the appearance of additional forms of TPI and L-leucine dehydrogenase differing from the wild-type form in electrophoretic mobility. The TPI of B. subtilis is of a much lower molecular weight than is the L-leucine dehydrogenase, so it was more practical to examine the apparent distribution of molecular weights in the new forms of this enzyme. Exclusion chromatography demonstrated that the new forms are found as polydisperse collections of more than twice the molecular weight of the monodisperse parental protein. Since TPI is composed of two (presumably identical) subunits (15, 22 , R. C. Fahey, E. Kolb, and J. I. Harris, Biochem. J., 124:77p, 1971), a variety of complexes between elongated polypeptide chains and parental subunits could lead to proteins retaining some evidence of enzymatic activity and with the characteristics we have observed. It is important to note that other explanations for the nature of these new forms of the enzymes are possible. These include the possibility that the suppressed strains produce other substances affecting aggregation of particular proteins, that these proteins are translated as polypeptides longer than the final products, and a pleiotropic effect is directed to such a processing system, or that a change in some other enzyme causes it to gain a capacity to isomerize triosephosphates. A direct test of whether the new forms are the result of translation of a normal terminator awaits purification of B. subtilis TPI and one of the suppressor-type isoenzymes for direct comparison with the terminal sequences of the parental protein. Preliminary examination of the tRNA populations of the strains has identified at least one different isoaccepting form of tRNAser in a sup-3-containing strain (G. D. Novelli and M. Mandel, unpublished data), and, if this proves to be the nonsense suppressing mutation (equally likely for ochre and amber suppression to occur), it places a marker in the sequences which will allow discrimination between the chain elongation by read-through hypothesis and the hypothesis invoking failure to process nascent polypeptide chains properly. One consequence of this hypothesis, if correct, is that B. subtilis can use single-chain termination codons for some cistrons (as shown for Qf3 coat protein [35 ] ).
The presence in Escherichia coli of a system for degradation of nonsense or aberrant proteins (9) could account for the failure noted in preliminary experiments to detect suppressor-type isoenzymes in ochre-and amber-suppressed strains of this species. The availability of deg mutations (5) makes it practical to reexamine this question in E. coli, about which fewer questions exist at this time than about B. subtilis as to the nature of the coding sense and function of the suppressor alleles and the polycistronic arrangements of numerous genes and their products.
